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ABSTRACT: Here we conceptually demonstrate the capability of deep
Raman spectroscopy to noninvasively monitor changes in the water content
within biological tissues. Water was added by injection into an isolated tissue
volume (a 20 mm diameter disk of 5 mm thickness) representing a 20%
increase in the overall mass, which was equivalent to a 5% increase in the
water/tissue content. The elevated water content was detected through a larger
volume of tissue with a total thickness of approximately 12 mm and a spiked
tissue segment located in its center using transmission Raman spectroscopy
(TRS) by monitoring the change of the OH (∼3390 cm−1) Raman band area
(3350−3550 cm−1 spectral region) after being normalized to the neighboring
CH stretching band. The tissue sample was raster scanned with TRS to yield a
spatial map of the water concentration within the sample encompassing the
spiked tissue zone. The mapping revealed the presence and location of the
spiked region. The results provide the first conceptual demonstration using a
deep Raman-based architecture, which can be used noninvasively for the detection of an elevated water content deep within
biological tissues. It is envisaged that this concept could play a role in rapid in vivo detection and localization of cancerous lesions
(generally exhibiting a higher water content) beneath the tissue surface.
Biological tissues naturally contain a high amount of water,playing a vital role in the overall biochemical landscape of
all living organisms. Local water concentration has been found
to vary with the local biochemical environment, such as the
presence of invasive malignancies.1 Water accumulation in
cancerous tissue may be a consequence of the presence of
diffusion barriers,2 an accumulation of transmembrane
proteins3 in cell membranes or extracellular compartments,
preventing the balancing of fluids that leak out of the poorly
formed neovasculature associated with invasive tumor sites.
The noninvasive measurement of the water content in the
human body can be accomplished by MRI;4 however, this is
reliant upon expensive and complex infrastructure. The
utilization of near-infrared absorption spectroscopy represents
another alternative as it allows penetration depths on the order
of several centimeters to be achieved through tissues;5
however, it yields relatively low chemical specificity due to
typically broad and overlapping spectral features.6 The use of
Raman spectroscopy, a technique with an inherently high
molecular specificity, offers an alternative solution. Near-
infrared confocal Raman spectroscopy has been demonstrated
to monitor skin moisture levels at depth levels of 200−300 μm.
Furthermore, the method does not require sample preparation
and is easily implementable in vivo at tissue surfaces either
through skin or using probes to reach the lining of hollow
organs.7,8
In the surgical excision of solid organ tumors, the distance
between the edge of the tumor and the edge of the resected
specimen or “surgical margin” is of prognostic significance. If
the surgical margin is too small, it is an inadequate resection,
leading to re-excision procedures associated with a lower
survival rate and cosmetic outcome, anxiety, and additional
medical costs.9,10 In earlier pioneering studies, a Raman water
peak, detected in the high-wavenumber spectral region, was
used as a biomarker for the localization of head and neck
squamous cell carcinoma (SSC). Monitoring of the relative
water to protein concentration (OH to CH peaks) has led to
the development of a Raman-based diagnostic approach to
SSC.11 The quantification of relative water signals with Raman
spectroscopy within and surrounding the tumor in squamous
cell carcinoma tissues (54−57% water in normal tissue margins
vs 76% in the tumor)11 can provide clinicians with real-time
information on the adequacy of the surgical margin and
improve patient outcomes. One of the key advantages of
Raman water measurements is the almost complete separation
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of the Raman water peak (3390 cm−1) from the other Raman
bands of biological constituents, including the N−H peak.12
The peak is broad and relatively very strong and also contains
information on the relative contents of bound and free water.12
A recent review outlines other potential aspects of Raman
spectroscopy applied to surgical tumor margins.13 The
approach may be valid for breast malignancies as well.
Evidence has emerged based on the other investigative
methods, such as magnetic resonance spectroscopy14 and
imaging,15 terahertz imaging,16 and diffuse optical spectrosco-
py.5,17 Independent research findings indicate a difference in
the water concentration of around 20% between the tumor and
the surrounding breast tissue.18,19 Conventional backscattering
Raman spectroscopy can only probe very shallow sample layers
(typically hundreds of micrometers in biological tissues). In
contrast, transmission Raman spectroscopy was shown to be
capable of interrogating depths of up to several centimeters in
tissue and as such provides a unique capability for probing
deep inside tissue noninvasively, including a potential future in
in vivo diagnostics. Various studies have been carried out in
recent years demonstrating the capability of deep Raman
spectroscopy to monitor subsurface components in biological
samples several centimeters deep,20,21 clearly holding a
noninvasive advantage over alternative approaches, such as
relying on Raman needle probes developed for subcutaneous
use.8 Considering these and other previous observations of the
contrast in water content and given the unique capability of
deep Raman spectroscopy to probe tissue at depth, we have
decided to carry out a series of proof-of-principle experiments
to assess its potential for the noninvasive detection of water-
rich regions and the measurement of the relative water content
within tissues at depth. This method has the potential to
provide a transcutaneous and noninvasive in vivo cancer
diagnosis.
Here we demonstrate for the first time the capability of deep
Raman spectroscopy to detect water-rich regions at depth,
noninvasively, within bulk tissue with different water
concentrations. This shows the potential to rapidly identify
suspected zones in a sample for the presence of cancers. These
areas could then be further probed in the Raman fingerprint
region (with longer acquisition times) to identify chemically
specific biomarkers of cancer lesions to confirm their presence
and enable their classification.
The set up used in these experiments is a modified
transmission Raman spectroscopy (TRS) instrument (Figure
1) built around a 680 nm wavelength-stabilized laser (IPS).
The illumination wavelength was selected to enable the high-
efficiency detection of Raman bands of water spectra found in
the high-wavenumber region, when using a silicon-based CCD
detector. These generally have a limited sensitivity beyond
1000 nm and also considering the relatively low absorption of
tissue at 680 nm. The laser beam was delivered via a
multimode fiber to an FC/PC-terminated zoom fiber
collimator to form a beam 5 mm in diameter, which was
spectrally filtered (680 nm laser band-pass filter, Thorlabs) and
directed onto the sample (160 mW). Any subsequent heating
by laser irradiation was deemed negligible given the low laser
irradiances used (8.1 mW/mm2) and having previously
demonstrated this in-house using IR thermal cameras. As
such, we do not envision temperature change to cause any
significant spectral changes. Furthermore, all the experiments
were performed in temperature and humidity controlled
laboratories with tissue samples held at equilibrated room
temperature. The temperature variation within lab premises
was controlled to ±1 °C.
The Raman signal was collected using 50 mm diameter
optical elements. A 38.8 mm focal length lens was followed by
spectral edge long-pass filters (Semrock Razor Edge, 830 nm)
eliminating the elastically scattered light and a lens with a 75
mm focal length imaging the sample collection zone on the
spectrograph slit matching its numerical aperture of 0.27
(Holospec 1.8i, Kaiser Optical). For Raman shifted light at
2700 cm−1, the equivalent wavelength is around 832 nm for a
680 nm excitation wavelength, which makes the 830 nm long-
pass edge filter very convenient for the laser cutoff.
We used fresh pork meat with a high content of muscle
tissue from a local butcher as opposed to supermarket samples
to avoid any potential content alteration by additional chemical
processing, e.g., added water and preservatives. The thickness
of the samples was dictated by the cutting process performed
by the local butcher.
In the first set of measurements, we monitored the kinetics
of a natural drying at room temperature for a tissue block 5
mm thick (pork muscle) over a time span of 12 h. Tissue
weight loss, ascribed to reduction of water content, was
monitored by electronic scales with time-stamped data points
digitally recorded in parallel with Raman spectra. The aim was
to establish that the transmission Raman system is capable of
detecting and quantifying tissue water content with adequate
sensitivity. In these measurements, the sample was placed on a
3D printed holder frame to ensure the stability of the tissue
during the measurement of a time series, with enough
clearance on both sides of the tissue sample for the incident
laser beam and the collection of Raman photons.
The second part of the study included the measurements of
porcine tissue spiked at its center with extra water. To facilitate
this, a fresh sample was cut to the approximate dimensions of
51 × 39 × 12 mm. A cylinder with a 20 mm diameter was
scooped from the sample and roughly situated in the middle of
the scanned region (Figure 2). Once extracted, the cylinder
was sliced into 3 smaller cylindrical elements (Figure 2), and
the central element (the “core”) with a thickness of around 5
mm was injected with additional water equivalent to an extra
20% of its weight and wrapped in cling film to prevent water
leakage into surrounding zones. The added water increased the
water content in the spiked tissue core from approximately 70
to 75%. Note, all calculations in this paper are based around an
assumption that the muscle tissue contained around 70% water
before spiking. The cylinder was then reassembled and inserted
back in the sample to its original location. TransmissionFigure 1. Schematics of the transmission Raman spectroscopy setup.
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Raman spectral maps were acquired noninvasively across this
assembly before and after the water spiking.
The samples were placed on an automated xy positioning
stage (Standa, Vilnius, Lithuania) to permit the spectral
mapping. The maps were formed by raster scanning the sample
with a 3 mm step size over an area of ∼20 cm2 of the sample
and using an acquisition time per map point of 1 s with 5
accumulations (i.e., 5 s total per point).
Following acquisition, raw data were imported in Matlab
(Matworks) for pre-processing and analysis. The first step in
data preprocessing consisted of manual removal of any cosmic
ray signals. It was followed by a third-order polynomial
baseline subtraction of the entire spectrum and the subsequent
normalization to the CH Raman peak area. Standard Matlab
functions were used for the spectral peak analysis, followed by
image reconstruction such as computing the selected peak
area7 of the OH Raman bands covering spectral region from
3350−3550 cm−1. The main water peak at 3390 cm−1 (which
corresponds to unbound water22) was used to assess the
change in the water content because water changes from the
tumor tissue are most likely to be in unbound water as they
originate from leaky neovasculature. This region was selected
to avoid the 3250 cm−1 peak (which corresponds to bound
water22), which overlaps with a peak corresponding to NH
vibrations from proteins and so would give inaccuracies to the
change in water content.23 By using the peak ∼3390 cm−1 we
avoided any interaction with these peaks and so achieved a
more accurate measurement of the change in water content.
Figure 3 depicts representative snapshots in the evolution of
the Raman spectra of the tissue while drying at room
temperature. The plotted spectra are normalized to the CH
band. Three spectra are presented, one captured at the initial
tissue weight and two at 17.5 and 32% reductions in tissue
sample weight (assumed to be entirely due to water loss). The
water percentage calculations are based on the net weight loss
attributed to water evaporation in the tissue and are correlated
with the time stamp of the Raman spectra. The range of water
peaks between 3350 and 3550 cm−1 were used to calculate the
peak area of the OH peak. This indicated a change of only
4.5% associated with 17.5% real mass loss and of 10% related
to 32% real mass loss. This discrepancy is attributed to the fact
that evaporation occurs predominantly from surface areas of
the sample in conjunction with transmission Raman spectros-
copy being the least sensitive to surface zones due to its
inherent (typically several fold) bias toward central and inner
parts of sample as opposed to very near-surface areas in this
sampling geometry.24,25
The Raman map of the tissue block containing the
cylindrical tissue assembly (Figure 4a), before water spiking
the core, illustrates the initial heterogeneity of the tissue’s
water distribution across the mapped zone. The Raman signals
we obtained in this study of the CH region suggest that the
meat measured was predominantly protein-rich tissue. Figure
4d does show a small difference in the 2800−2900 cm−1
region, indicating a subtle change in the relative lipid content
between the regions indicated by the stars in Figure 4b. This
gives us confidence that the samples were predominantly
protein rich meat with negligible amounts of lipids. Even so, by
integrating over the whole CH region between 2800 and 3000
cm−1 we were able to take these contributions into account in
our analysis.
After this scan, the middle 5 mm disk of the removed
cylinder was injected with water, equivalent to a 20% weight
increase (effectively raising the water concentration in the
tissue from 7026 to 75%) and loosely representing the presence
of a cancerous lesion,5 which might contain even larger
increases in the amount of water (as much as 20% increase in
total water, i.e., from 50 to 70% water by mass). We assume
that after injection the core will contain a higher amount of
free water in the sample. A second scan (Figure 4b) was then
performed on the tissue block containing the cylindrical tissue
Figure 2. Drawings illustrating the extracted core (magnified, right
image) and the location of the water-spiked core within the larger
tissue block (left image). The original size of the mapped tissue block
was 51 × 39 × 12 mm. The cylinder had a 20 mm diameter and was
made up of a spiked core region 5 mm thick surrounded by unspiked
regions 3−3.5 mm thick.
Figure 3. Raman spectra of a drying pork tissue sample with a varying
water content over a time span of 12 h.
Figure 4. False color maps depicting the Raman water distribution
(the area of the selected region of the OH Raman bands, normalized
to the CH area in the spectrum, in arbitrary units) inside porcine
sample with 2 mm step size in each direction a) prior to injection b)
after injection c) difference map (before subtracted from after). Map
size is 17 × 13 pixels. d) example of Raman spectra from two
locations of map in Figure 4b (the star color matches the plot color).
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assembly, now containing the spiked core using the same
parameters as used previously. The maps shown in Figure 4 a
and b were obtained by computing the selected Raman water
band area (OH) after being normalized to the Raman band
area of protein and lipids (CH). An example of two Raman
spectra (Figure 4d) from different locations of the map in
Figure 4b is indicative of the range in OH peak evolution over
the entire area of the sample. The signal contrast between
Figure 4a (before) and Figure 4b (after spiking) is naturally
small because the total amount of water added is relatively
small compared to that of the overall water in the bulk sample;
however, the presence of the added water is clearly revealed by
subtracting the maps from each other (Figure 4c).
The analysis of the average pixel value from the central zone,
encompassing the region of maximum signal (9 pixels, Figure 5
insert), indicates an average relative water elevation of 15% in
the cylinder assembly as a whole (as TRS probes the full depth
of the tissue). This value was obtained as a percentage of the
ratio between values in panels a and c of Figure 4. As the
spiked middle core represents only ∼40% of the entire cylinder
volume, which is measured in its entirety with TRS, this value
translates to a 38% (0.15/0.4 = 0.38) increase in water mass in
the spiked core volume (not taking into account any potential
TRS signal bias at specific depths). This equates to a calculated
water concentration in the spiked core of 76% when taking
into account the increased total mass of the central volume of
the spiking water (as well as the original tissue mass); see the
Supporting Information for details. This matches remarkably
well with the known water-spiked tissue concentration of
around 75% in tissue. This is broadly consistent because the
precision of the cylinder slice thicknesses was ±0.5 mm, thus
affecting the relative volume of the spiked core to the cylinder
assembly as a whole. Furthermore, there is an expected bias of
TRS toward the central parts of the sample,24 resulting in a
higher signal from the central volumes and a slightly lower
signal closer to the surfaces. This, if accounted for, would
further decrease the predicted value. This proof-of-concept
result conceptually demonstrates the basic capability of TRS to
detect, by noninvasive means, a relatively large lesion based on
the elevated water concentration in this type of sample.
Here, we have conceptually demonstrated the detection of a
spiked tissue core with a volume of approximately 1.5 cm3,
with the concentration of water in that tissue raised from 70 to
75%. In cancers, the water concentration increase can be as
much as 20% when transitioning from normal to cancerous
tissues. Should the concentration be increased by this much
above the background normal tissue water concentration, the
spiked core or “tumor” could be reduced in volume by a factor
of 4 to yield a similar result. This could equate to a spherical
lesion of approximately 9 mm in diameter buried within the
sampling volume. This is the first proof of concept of this
approach, and the sensitivity would be expected to improve
with appropriate system optimization.
In summary, we have conceptually demonstrated the
capability of TRS to noninvasively detect elevated levels of
water buried deep inside biological tissue. Our proof-of-
concept setup was able to measure differences in water
concentration of 17.5% when a block of tissue undergoes slow
drying at room temperature. When evaluating the ability to
detect a “concealed lesion” zone at depth with an artificially
elevated water concentration (of 5% water to tissue
concentration in the spiked volume), the technique was able
to distinguish, quantify, and clearly image the water-rich region
within the sample. The results pave the way to explore the
potential for rapid and noninvasive in vivo localization of
cancer lesions, which naturally contain a higher water content
(mostly driven by leaky neovasculature found in tumors).
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